Chestnut blight, caused by the fungus Cryphonectria parasitica, has been effectively controlled with doublestranded RNA hypoviruses in Europe for over 40 years. The marked reduction in the virulence of C. parasitica by hypoviruses is a phenomenon known as hypovirulence. This virus-fungus pathosystem has become a model system for the study of biological control of fungi with viruses. We studied variation in tolerance to hypoviruses in fungal hosts and variation in virulence among virus isolates from a local population in Italy. Tolerance is defined as the relative fitness of a fungal individual when infected with hypoviruses (compared to being uninfected); virulence is defined for each hypovirus as the reduction in fitness of fungal hosts relative to virus-free hosts. Six hypovirus-infected isolates of C. parasitica were sampled from the population, and each hypovirus was transferred into six hypovirus-free recipient isolates. The resulting 36 hypovirus-fungus combinations were used to estimate genetic variation in tolerance to hypoviruses, in hypovirus virulence, and in virus-fungus interactions. Four phenotypes were evaluated for each virus-fungus combination to estimate relative fitness: (i) sporulation, i.e., the number of asexual spores (conidia) produced; (ii) canker area on field-inoculated chestnut trees, (iii) vertical transmission of hypoviruses into conidia, and (iv) conidial germination. Two-way analysis of variance (ANOVA) revealed significant interactions (P < 0.001) between viruses and fungal isolates for sporulation and canker area but not for conidial germination or transmission. One-way ANOVA among hypoviruses (within each fungal isolate) and among fungal isolates (within each hypovirus) revealed significant genetic variation (P < 0.01) in hypovirus virulence and fungal tolerance within several fungal isolates, and hypoviruses, respectively. These interactions and the significant genetic variation in several fitness characters indicate the potential for future evolution of these characters. However, biological control is unlikely to break down due to evolution of tolerance to hypoviruses in the fungus because the magnitudes of tolerance and interactions were relatively small.
Despite widespread release over many years, the efficacy of biological control agents in populations of target pests has remained relatively stable (22, 25) . This stability contrasts markedly to the situation with chemical pesticides, where numerous target pests have evolved resistance to a wide range of pesticides (19) . In a recent review, Holt and Hochberg (25) summarized some of the hypotheses that have been proposed to explain this dichotomy. These hypotheses include inadequate relevant genetic variation in target pests, genetic constraints (trade-offs) between resistance (or tolerance) to a biological control agent and fitness, weak selection, temporally varying selection, and coevolutionary dynamics. Few of these hypotheses have been addressed experimentally in biological control systems, although genetic variation in resistance to parasitoids (6, 22) and genetic trade-offs (27, 45) have been documented. However, the paucity of experimental data bearing on these questions has precluded general predictions about the stability of biological control systems (25) ; this lack of data is particularly evident in biological control systems involving fungal plant pathogens.
To assess the potential erosion in efficacy of a biological control interaction, the fitnesses of both host and pathogen need to be determined in relation to each other. In this report, we compare the fitness of viruses and their fungal hosts in a system that has been exploited for biological control. Hypovirulence is a phenomenon found in the chestnut blight fungus, Cryphonectria parasitica (Murrill) Barr (formerly Endothia parasitica). Biological control of chestnut blight results when C. parasitica is infected with double-stranded RNA (dsRNA) viruses in the family Hypoviridae (for reviews, see references 2, 18, 20, 21, 23, 30, 35, and 44) ; these viruses are referred to in the vernacular as hypoviruses (23) . Virus-infected individuals are markedly less virulent to their chestnut hosts, producing superficial cankers and rarely killing trees. In Europe, where biological control of chestnut blight has been most successful, Cryphonectria hypovirus 1 (CHV1) (23) is the only hypovirus that has been found (1); therefore, we limit our discussion to this virus. Infection with CHV1 reduces the fitness of C. parasitica in several ways, the most obvious being reductions in asexual sporulation and canker growth and almost complete inhibition of female sexual fertility (9, 11, 46) . Reductions in fungal fitness caused by virus infection, therefore, could exert strong selection on C. parasitica for tolerance to viruses and could reduce the effectiveness of biological control.
To study the evolutionary stability of a biological control system, interactions between host and pathogen genotypes also must be assessed. Previous work on C. parasitica has shown that the effects of hypoviruses on fungal fitness vary among fungal genotypes (7, 9, 10, 31, 39, 41) . These earlier studies were done with relatively few isolates that were collected from geographically separated populations. In this study, we were interested in interactions of viruses and fungi within a local population in order to investigate the stability of biological control at a geographic scale at which these hosts and patho-gens interact in nature. Studies of the population structure of C. parasitica (33) and its hypoviruses (Y.-C. Liu and M. G. Milgroom, unpublished data) have demonstrated that gene flow is restricted among fungal and viral populations in Italy. Therefore, local populations are the most relevant for studying the evolution of these interactions and for inferring the potential for evolutionary change in this system.
The specific objectives of this study were to determine if there is genetic variation in tolerance to hypoviruses within a population of C. parasitica, whether there is variation in virulence toward C. parasitica in the corresponding hypovirus population, and whether there are significant interactions among fungus and virus isolates. We defined tolerance to hypoviruses in terms of the relative fitness of a fungal genotype when infected with hypoviruses and when uninfected. Although some evolutionary biologists have used a similar definition for resistance in animals to pathogens and parasites, we use the term tolerance as it has been used in studies of plant-pathogen or plant-herbivore interactions (16, 26, 40, 43) . Finally, we define virulence quantitatively for each hypovirus as the reduction in fitness of fungal hosts relative to virus-free hosts. Although the definitions of these terms may differ from their use in virology, we have attempted to be consistent with terminology used in the ecological and evolutionary literature.
MATERIALS AND METHODS
Random samples of fungi and hypoviruses. We used 158 isolates of C. parasitica previously sampled from a chestnut coppice forest in Bergamo, Italy (8) . All isolates were screened for the presence of hypoviruses with an immunoblot procedure using a monoclonal antibody specific for dsRNA (36, 42) . Six hypovirus-infected and six hypovirus-free isolates were randomly selected based on immunoblot results. Presence (and absence) of dsRNA in the sampled isolates was confirmed using a modification (36) of the CF11 cellulose column purification procedure of Morris and Dodds (34) . The identity of the sampled dsRNAs as CHV1 was determined by hybridization as described previously (36, 37) and by nucleotide sequencing (Liu and Milgroom, unpublished) . The hypovirus-free isolates were HPC21, HPC33, HPC36, PC13, PC61, and PC72; the hypovirusinfected isolates were HPC27, HPC29, HPC39, PC29, PC76 and PC89. Hypovirus isolates derived from these C. parasitica isolates will be referred to by their isolate names enclosed in brackets; e.g., [HPC27] denotes the isolate of CHV1 originally found in C. parasitica isolate HPC27. Although all hypovirus isolates had a high degree of nucleotide sequence similarity, each isolate was unique (Liu and Milgroom, unpublished) . In addition to randomly sampled virus isolates from Bergamo, we used a standard laboratory virus isolate, CHV1-EP713 from C. parasitica isolate UEP1 (38) , provided by N. K. Van Alfen.
Transmission of hypoviruses among isolates. We transferred hypoviruses from each of the six infected donor isolates, plus CHV1-EP713, into each of the six virus-free recipient isolates through hyphal anastomoses, resulting in 42 hypovirus-fungus combinations. All isolates of C. parasitica infected with CHV1 had a white phenotype in culture, while uninfected strains were yellow-orange (4, 9, 21) . We used this phenotype to follow the transmission of hypoviruses between isolates that were cocultured on potato dextrose agar (PDA; Difco Laboratories, Detroit, Mich.) (4, 29) . We first attempted direct donor-to-recipient transmission of hypoviruses. If direct transmission failed due to vegetative incompatibility (8) 20 (4) 13 (3) 24 (13) 14 (5) 17 (5) Canker area (cm 2 ) None 141 (34) 181 (43) 129 (52) 125 (64) 136 (67) 159 (56) [HPC27]
13 (4) 6 (2) 8 (2) 12 (3) 15 (6) 16 (6) [HPC29]
12 (4) 11 (4) 10 (3) 14 (2) 9 (2) 14 (3) [HPC39]
19 (2) 13 (5) 18 (7) 17 (6) 14 (3) 13 (
16 (4) 14 (2) 16 (5) 18 (5) 19 (7) 17 (4) [PC76]
17 (3) 13 (4) 7 (1) 16 (3) 11 (1) 5 (1) [PC89]
14 (1) 17 (5) 31 (17) 23 (4) 18 (5) 16 (5) [UEP1]
11 (4) 6 (2) 9 (1) 12 (3) 6 (2) 9 (2) Germination (% of total) None 99 (1) 99 (1) 98 (2) 98 (2) 98 (2) 99 (2) [HPC27]
98 (1) 98 (2) 98 (1) 98 (1) 
96 (1) 97 (0) 96 (1) 99 (1) 96 (1) 96 (1) [HPC39]
98 (3) 95 (0) 99 (1) 98 (1) 97 (2) 98 (1) [PC29]
97 (0) 99 (1) 97 (1) 97 (0) 98 (1) 
97 (1) 100 (1) 98 (1) 99 (1) 99 (0) 98 (2) [PC89]
98 (1) 99 (0) 99 (1) 99 (1) 97 (3) 96
84 (4) 83 (6) 63 (15) 85 (6) NT 82 (1) Vertical transmission (% of fast germinators containing hypovirus)
[HPC27] 100 (0) 100 (0) 100 (0) 98 (2) 99 (1) 
a Mean, with standard deviation in parentheses (four replications for sporulation, five replications for canker area, and two replications for germination and transmission). NT, not tested.
b Virus-free fungal isolate. c Control hypovirus CHV1-EP713 (from isolate UEP1 [38] ).
barriers (3, 29) , hypoviruses were transferred indirectly via isolates in different vegetative compatibility types as described previously (3, 28, 29) . Hypovirus transmission was confirmed by CF11 column purification of dsRNA from recipient isolates as described above.
Fitness of hypovirus-infected isolates and hypoviruses.
Fitness of hypovirusinfected fungal isolates was assessed in four ways. First, sporulation, i.e., asexual production of spores (conidia), was estimated in vitro. Second, canker growth was estimated in field experiments. Third, the abundance of fungal stromata, which contain pycnidia (and sometimes perithecia), was assayed in a sample of cankers in field experiments. Fourth, the effect of virus infection on spore germination was investigated. The fitness of each hypovirus was estimated as the total number of infected conidia produced by each host isolate.
Sporulation, germination, and virus transmission into conidia. We grew all 42 hypovirus-fungus combinations, plus the six hypovirus-free (recipient) isolates as controls (48 total treatments), in 9-cm-diameter plastic petri dishes containing 25 ml of PDA under cool white fluorescent light with a 12-h light/12-h dark photoperiod at 25°C for 14 to 21 days. Conidia were washed from the surface of each plate with 10 ml of sterile water and counted with a hemocytometer. All isolates were cultured, and spores were counted, at four different times to estimate sporulation. We estimated conidial germination during two repetitions of these experiments. Conidial suspensions were spread on PDA, allowed to germinate for 24 h, and then examined under a dissecting microscope at 100ϫ. We observed 100 conidia from each isolate and identified the growth of germ tubes. To estimate vertical transmission into conidia, we sampled 120 conidia from each of the 42 virus-infected isolates, 60 with germ tubes (fast germinators) and 60 without germ tubes (slow germinators), transferred them to PDA, and incubated them for a 1 week. The presence of hypovirus in each isolate was determined by comparing its cultural morphology with that of the parental hypovirus-free isolates grown from conidia under identical conditions. Viral fitness was estimated by determining the total number of virus-infected conidia produced, calculated as total number of conidia (sporulation) times germination rate times vertical transmission rate.
Field inoculations. The 48 virus-fungus combinations were inoculated on 3-year-old Castanea sativa stems located in a 1-ha chestnut coppice forest in Ambivere, Bergamo, Italy. Two inoculation sites were used on each of 120 stems of similar size (6-to 7-cm diameter at 1-m height). Each virus-fungus combination was inoculated onto five trees. Inoculations were done by inserting agar mycelium plugs into circular wounds made to the depth of the cambium with an 8-mm-diameter corkborer. Mock inoculations were made on three trees by inserting sterile agar plugs. The two wounds on each stem were at least 1 m apart and on opposite sides of the stem. Isolates were inoculated on 21 May 1997, and the areas of the resulting cankers were measured on 1 July 1998 (1-year rating) and 17 February 1999 (2-year rating). The area (square centimeters) of each canker was estimated by measuring the length (L) and width (W) on the perpendicular axes of each canker and applying the formula for an ellipse (LW/4).
Cankers that developed after field inoculations were examined for the presence of stromata. On 12 January 2000, bark samples (ca. 2 by 4 cm) were removed from cankers where stromata were present or near the inoculation wound in cankers when stromata were not clearly visible. Samples were collected from 168 of the 210 inoculations for virus-infected isolates and 22 of the 30 inoculations for virus-free isolates. If no stromata were visible, samples were surface disinfested in 70% ethanol for 30 s and 0.5% sodium hypochlorite for 1 min, rinsed in sterile water, and incubated in a moist chamber for 2 weeks for further examination.
The recovery of virus-infected isolates was attempted from two replicates of each of the 42 virus-fungus combinations after incubation in moist chambers. Pieces of stromata or actively growing mycelium were transferred onto PDA. One isolate from each canker was tested for vegetative compatibility (8) with the original isolate inoculated. The recovered isolate was also grown on PDA to observe whether it had the white colony phenotype diagnostic of virus infection.
Data analysis. Each measure of fitness was analyzed separately using analysis of variance (ANOVA) with a general linear model in Minitab 12 (Minitab Inc., State College, Pa.). Experiments were initially designed as randomized complete block designs with time of experiment as the blocking factor. Time of experiment was found to be nonsignificant in all analyses; the designs were collapsed into two-factor experiments for sporulation and canker size and three-factor experiments for conidial germination and virus transmission into conidia. Fungal isolate and hypovirus isolate were the two factors common to all experiments; the third factors in the conidial germination and vertical transmission experiments were infection (hypovirus-free versus hypovirus-infected isolates) and germination time (conidia which germinated in less than 24 h [fast germinators] versus conidia which germinated after 24 h [slow germinators]), respectively. Residual analysis of ANOVA using untransformed sporulation and canker area data indicated nonconstancy of error variance. Subsequent ANOVAs of sporulation and canker area were performed with natural logarithm-transformed data, which stabilized the error variances. Germination and transmission data, expressed as proportions, were arcsine square-root transformed to stabilize variances. Comparisons between fungal isolates infected with control hypovirus CHV1-EP713 and sampled hypoviruses were made using t tests with pairing by fungal isolate.
RESULTS

Sporulation.
Hypovirus infection significantly reduced the sporulation of hypovirus-infected isolates relative to the hypovirus-free isolates (Table 1) . Interactions between fungal and hypovirus isolates were highly significant (P Ͻ 0.001) ( Fig. 1A ; Table 2 ); therefore, we analyzed simple effects. One-way ANOVA among hypoviruses (within each fungal isolate) revealed that variation among hypoviruses was highly significant (P Ͻ 0.01) for four fungal isolates (HPC33, HPC36, PC13, and PC72) but not for isolates HPC21 and PC61 (Table 3) . Variation among fungal isolates (within each hypovirus isolate) was significant (P Ͻ 0.01) for all hypoviruses except [PC89] (Table  4) . Control hypovirus CHV1-EP713 had a significantly greater effect on sporulation than the Bergamo hypoviruses (P Ͻ 0.01) ( Table 1) .
Canker size. Hypovirus infection significantly reduced the size of cankers on chestnut trees in the field for both the 1-year and 2-year ratings (data from the 1-year rating are shown in Table 1 ). Interactions between fungal isolates and hypovirus isolates were highly significant (P Ͻ 0.001) ( Fig. 1B; Table 2 ); therefore, we analyzed simple effects. One-way ANOVAs among hypoviruses (within each fungal isolate) revealed that variation among hypoviruses was significant (P Ͻ 0.05) for all isolates except HPC21, for which variation was marginally significant (P ϭ 0.054) ( (Table 4) . Control hypovirus CHV1-EP713 had a significantly greater effect on reducing canker area compared to the Bergamo hypoviruses (P Ͻ 0.01) ( Table 1) . No cankers developed on trees mock inoculated with water agar plugs.
Presence of asexual sporulation and perithecia in field inoculations. Stromata were observed on 21 of 22 cankers examined in the laboratory that were induced by virus-free isolates; 11 of these had perithecia. In contrast, none of the 168 cankers induced by virus-infected isolates had stromata or perithecia when examined in the laboratory immediately after collection from the field. After a 2-week incubation in moist chambers, we observed in 54% of cankers a few small pycnidia covering less than 5% of the bark surface area. Virus-infected isolates vegetatively compatible with the isolates originally used for inoculation were recovered from 66% of the healed cankers. No statistical analyses were attempted on these data because neither asexual nor sexual sporulation was evident on any cankers caused by virus-infected isolates without incubation in moist chambers.
Conidial germination. Conidial germination rates after 24 h incubation were greater than 95% for all hypovirus-infected isolates (Table 1) . Hypovirus infection reduced overall conidial germination by approximately 1% relative to the uninfected isolates (Table 1) ; this difference, though statistically significant, was small ( Fig. 1C; Table 2 ). ANOVA revealed no significant variation among hypoviruses, fungal isolates, or their interactions (Table 2) . Control hypovirus CHV1-EP713 had a significantly greater effect on germination compared to the Bergamo hypoviruses (P Ͻ 0.01) ( Table 1) .
Vertical transmission. Hypoviruses were transmitted into Ͼ95% of conidia of all fungal isolates (Table 1) . ANOVA revealed no significant variation among hypoviruses, fungal isolates, or their interactions ( Fig. 1D; Table 2 ). No significant differences in rates of transmission were detected between conidia germinating by 24 h (fast germinators) and conidia germinating after 24 h (slow germinators) ( Table 2) . Transmission rates for control hypovirus CHV1-EP713 were significantly greater than those for the Bergamo hypoviruses for the fast germinators (P Ͻ 0.01) ( Table 1) but not for the slow germinators (P Ͼ 0.05).
Hypovirus fitness. The total number of virus-infected conidia produced in vitro was used as the sole estimate of hypovirus fitness. This number was calculated as total sporulation times the germination rate times the proportion of conidia containing hypoviruses (vertical transmission). Because germination and vertical transmission were nearly 100% for all virus-fungus combinations, hypovirus fitness is virtually identical to results for sporulation (Tables 2 to 4 ).
DISCUSSION
We found significant genetic variation in hypovirus virulence, in tolerance to hypoviruses, and in interactions among fungus and virus isolates from a local population in Italy. Hypovirus infection had large effects on fungal fitness, reducing sporulation and canker growth, consistent with previous reports (9, 24, 41) . In contrast, hypovirus infection had a very minor effect on conidial germination, and hypoviruses were transmitted at high rates into conidia. Variation in tolerance was expressed as significant (␣ ϭ 0.05) differences in sporulation among fungal isolates when infected with five of six hypovirus isolates and as significant differences in canker area for three of six hypoviruses. From these data we also could estimate variation in virulence among hypoviruses, defined in terms of the reduction in fitness of fungal isolates caused by virus infection. Hypovirus virulence within each fungal isolate varied significantly in four of six fungal isolates for sporulation and for five of six fungal isolates for canker area.
CHV1-EP713 (originally isolated from France), used as a control in this study, had more severe phenotypic effects on C. parasitica than did hypovirus isolates from Bergamo. CHV1-EP713 was also found to be more virulent than CHV1-Euro7 from Italy (7). Nucleotide sequences of the virus isolates from Bergamo that we used in this study were more similar to the sequence of CHV1-Euro7 than that of CHV1-EP713 (Liu and Milgroom, unpublished), which are representative of two distinct CHV1 groups in Europe (1, 7) . However, we are less concerned with variation between different virus groups than with variation within local populations for making inferences about the potential evolution of this system.
Hypoviruses were vertically transmitted into conidia of C. parasitica at high rates in this population. Transmission rates were greater than 95% for all virus-fungus combinations, and no evidence was obtained for any variation in rate due to hypovirus or fungal isolate. In contrast, vertical transmission rates of North American hypoviruses and other dsRNAs into conidia of C. parasitica vary widely (0 to 100%) (11-13, 31, 41) . Few data are available on transmission rates of CHV1 into conidia of C. parasitica. One study of a hypovirus from Italy (presumably CHV1) in an American C. parasitica isolate found that the hypovirus was transmitted to 43 to 77% of conidia (41) , which is considerably lower than the rates observed in our study. It is not possible to determine whether variation in vertical transmission rates is a function of virus or fungus genotypes in these previous studies because the same virus isolates were not studied in the same host isolates.
The variation in tolerance to hypoviruses observed in this study indicates that C. parasitica has some potential to evolve higher levels of tolerance to hypoviruses in the Bergamo population. Predicting evolutionary trends may be complicated by the significant hypovirus-fungus interactions detected for two of four fungal fitness measures, demonstrating that some hypovirus genotypes are better adapted to particular fungal genotypes, or vice versa. Although we found statistically significant variation in virulence, in tolerance among fungal isolates, and in interactions between the two, the magnitude of variation was not large enough relative to the marked effects of hypoviruses on fungal fitness to signal an erosion of biological control with hypovirulence. Sporulation, both in vitro and in field inoculations, and canker size were both greatly reduced by hypovirus infection, regardless of the significant variation observed. Variation in resistance or susceptibility to biological control agents has been observed in several other systems but has not resulted in decreased effectiveness of control (22, 25, 27, 45) . Henter and Via (22) proposed three hypotheses to explain this lack of response: (i) that fitness costs or trade-offs were associated with resistance, (ii) that negative correlations existed between susceptibility to the parasitoid being studied and responses to other potential selective agents, and (iii) that significant interactions occurred between parasitoid and insect genotypes, resulting in frequency-dependent selection. Experimental evidence for fitness costs associated with parasitoid or parasite resistance has been obtained for some insects (14, 15, 27, 45) . It is possible that tolerance to hypoviruses in C. parasitica similarly imposes fitness costs on tolerant isolates in the absence of hypovirus infection. Selection experiments such as those performed by Kraaijeveld and Godfray (27) may prove useful in testing whether there are fitness costs in the C. parasitica-hypovirus interaction.
Assessing the evolutionary stability in the hypovirus-C. parasitica system is complicated by the fact that virus fitness was measured solely in terms of vertical transmission into conidia. With strict vertical transmission, virus fitness is totally confounded with sporulation, a measure of fungal fitness. Therefore, selection should favor virus genotypes that have the least effect on sporulation while simultaneously favoring fungal isolates that are more tolerant to virus infection (barring tradeoffs, etc., as discussed above), hence producing more spores. Both of these trajectories would point toward the erosion of biological control. However, this scenario is oversimplified because the evolution of virulence in this system will depend on both vertical and horizontal transmission of viruses, and we know little about the horizontal transmission of hypoviruses among fungal individuals in the field. Horizontal transmission is likely to be inversely correlated to the diversity of vegetative compatibility types (29, 32) ; however, we are aware no estimates of the relative contributions of horizontal and vertical transmission outside the laboratory. This information is highly significant in the context of stability of biocontrol because, in contrast to vertical transmission, high levels of horizontal transmission theoretically favor greater pathogen virulence (5, 17) . Studies designed to estimate horizontal transmission in nature (for example, tracking the transmission of specific hypovirus genotypes or estimating gene flow among vegetative compatibility types) are needed to predict the evolutionary direction of this system. 
